The strengthening effect of nanosized Cu precipitates in bcc Fe has been studied by performing molecular dynamics simulations of the interaction between a screw dislocation and a coherent bcc Cu precipitate of 1-4 nm diameter in bcc Fe. The dislocation detachment mechanism changes from shear at a precipitate diameter of 4 and 2.5 nm in the twinning and anti-twinning directions, respectively, due to the coherency loss caused by the screw dislocation assisted martensitic transformation of the precipitate. The screw dislocation detachment mechanism with the larger, transformed precipitates involves annihilation-and-renucleation, or Orowan looping in the twinning vs. anti-twinning direction, respectively. The critical resolved shear stress (CRSS) of the screw dislocation-precipitate interaction increases with increasing precipitate size, and is strongly dependent on the precipitate structure and detachment mechanism. The CRSS is much larger in the anti-twinning direction.
Introduction
It has been well known that the plastic deformation behavior of metals are governed by the motion of dislocations. Dislocation motion is resisted by lattice defects, including impurity atoms, precipitates, voids, grain boundaries and other dislocations, leading to metal strengthening. Indeed, precipitation strengthening is a well established way to improve the mechanical properties of metallic alloys. Correspondingly, investigation of dislocation-precipitate interactions provides a basic step toward understanding and predicting the mechanical behavior of precipitation strengthened alloys. 1) Fe-Cu alloys are an ideal alloy system to study precipitation hardening due to the very low solubility of Cu in bcc Fe at low temperatures, and the importance of Cu precipitation on the irradiation hardening and embrittlement of low alloy reactor pressure vessel steels.
2) It has been known that small body-centered-cubic (bcc) Cu precipitates, which are coherent with the matrix, form in bcc Fe at an initial aging stage, while larger precipitates (> 4 nm) transform into the face-centered-cubic (fcc) structure through the 9R and 3R structures. 3, 4) However, the transient transformation behavior is quite complicated, as revealed by the high resolution electron microscopy studies performed by Jenkins and coworkers [3] [4] [5] [6] [7] and detailed understanding of the strengthening mechanism of coherent nanoscale Cu precipitates is not well known. However, the Russell-Brown model, which assumes a lower shear modulus and therefore dislocation line tension for the precipitates, has been successfully used to correlate yield stress changes in Fe-Cu alloys. 8) The interaction between an edge dislocation and a bcc Cu precipitate in bcc Fe has been investigated by a number of researchers using atomistic simulations in order to understand the strengthening and structural evolution of bcc Cu precipitates in bcc Fe. [9] [10] [11] [12] [13] Molecular dynamics (MD) simulations by Osetsky et al. 11, 12) showed that precipitate detachment by edge dislocations occurs mainly by shearing the precipitates (cutting mechanism), although the Orowan mechanism was observed for precipitates larger than 3 nm diameter. The authors also reported the critical resolved shear stress (CRSS) for the dislocation to overcome a precipitate for precipitate diameters up to 4 nm. They show that the CRSS for an edge dislocation increased roughly linearly with precipitate size and was significantly lower than predicted by the Russell-Brown modulus hardening model. 8) The screw dislocation interaction with a bcc Cu precipitate in bcc Fe has been investigated using molecular statics simulation, 14, 15) but only recently have molecular dynamics simulations been performed, 16, 17) in spite of the importance of screw dislocations in controlling the deformation behavior of bcc metals. 18, 19) Compared to an edge dislocation, a screw dislocation in bcc metals has very complicated features such as the non-planar core structure and the twinning-antitwinning asymmetry deviated from the Schmid law. 20, 21) It is also recognized that the CRSS for screw dislocation glide in the twinning sense is significantly lower than in the antitwinning sense. 20, 21) Recently, we performed MD simulations of the screw dislocation interaction in the anti-twinning direction and reported that a screw dislocation assists the martensitic transformation of a bcc Cu precipitate into a close-packed structure (mainly hexagonal close-packed (hcp) structure) and that the transformed precipitate is a stronger obstacle to the dislocation glide, leading to Orowan looping. 16 ) Also, we observed that a significant temperature dependence of the interaction between a screw dislocation and a bcc Cu precipitate in bcc Fe. 17) The purpose of this study is to extend our previous works 16, 17) in order to model the strengthening effect of nanosized bcc Cu precipitates in bcc Fe through large-scale MD simulations. The interaction between a moving screw dislocation and a coherent bcc Cu precipitate of 1-4 nm diameter in bcc Fe has been investigated in both the twinning and anti-twinning directions, and the variation of the CRSS with precipitate size has also been evaluated.
Simulation Method
The MD simulations use a modified version of the MDCASK code 22) with the Finnis-Sinclair type potentials fit by Ackland et al. 23) to describe the atomic interactions of Fe-Fe, Cu-Cu and Fe-Cu. The simulation cell consists of a bcc Fe cell, bounded by {112}, {111} and {110} faces in X, Y and Z directions, respectively. The cell dimensions are approximately 14 Â 25 Â 28 nm (X, Y and Z directions) and contain 840,000 atoms. Periodic boundary conditions are applied in the Y and Z directions. The X surface is initially free, but is subject to a constant surface traction following equilibration, which provides an applied shear stress to drive dislocation motion. A coherent bcc Cu precipitate, with diameter from 1 to 4 nm, is placed at the center of the cell. A screw dislocation, which is introduced based on the continuum elastic displacement field, is initially placed adjacent to the precipitate/matrix interface in order to minimize the inertial effect when the dislocation is driven. The periodic boundary condition in the Z direction is modified by shifting atomic positions by AEb=2 in the Y direction to ensure the continuity of the {111} planes across the periodic boundary in the Z direction, as performed in the work of Rodney.
24)
Before applying a shear stress, the cell is equilibrated for 50 ps at 10 K. A small constant shear stress is applied by superimposing a constant (equal and opposite) force in the [111] direction on the atoms in the outermost ð 1 1 1 12Þ and ð11 2 2Þ surfaces such that the quasistatic equilibrium between a dislocation and a precipitate is attained. Then, a shear stress is increased stepwise with an interval of 25 MPa until the dislocation detaches from the precipitate. The stress at which the dislocation detaches is regarded as the CRSS in this simulation. A screw dislocation moves on the same {112} plane, but in the opposite direction in the twinning and antitwinning senses. Therefore, it starts from the opposite side of a precipitate for the twinning and anti-twinning glides, as shown in Fig. 1 . A time step of 1 fs is used throughout the simulations. The centrosymmetry deviation 25) and common neighbor analyses 26) are used to visualize the atoms in the dislocation core and the precipitate, respectively.
Results and Discussion
According to the recent MD simulations of Marian et al., 18) a screw dislocation in bcc Fe moves smoothly through the formation and propagation of atomic-sized kinks under low stress (kink-pair mechanism). However, at higher stress, kinks form on multiple glide planes and can collide on propagation, leading to a conflict configuration (cross-kink mechanism). As a result of this configuration, the dislocation motion necessarily produces defect debris such as vacancy and self-interstitial clusters, which self-pin dislocation motion. Figure 2 plots the variation of screw dislocation velocity as a function of applied shear stress in bcc Fe without a Cu precipitate obtained by other MD simulations. In the twinning direction, the velocity increases almost linearly with increasing shear stress. In this direction, screw dislocation motion occurs by the kink-pair mechanism and the transition to the cross-kink mechanism is not observed even at a shear stress of 2 GPa. The velocity also initially increases linearly in the anti-twinning direction. However, the velocity in the anti-twinning direction is 2-4 times lower than the twinning direction, indicating that screw dislocation motion experiences more resistance in the anti-twinning direction. As the applied shear stress is increased to 1.5 GPa, the transition from the kink-pair mechanism to the cross-kink mechanism occurs in the anti-twinning direction. Due to the self-pinning effect of the cross-kink mechanism, the dislocation velocity is greatly suppressed, and appears to saturate with increasing stress.
MD snapshots in time describing the interaction between a screw dislocation and a coherent bcc Cu precipitate of 3 nm diameter in the twinning direction are presented in Fig. 3 . The screw dislocation starts to move toward the precipitate at an applied shear stress. A snapshot 5 ps after applying the shear stress shows that the dislocation segment near the precipitate tends to be absorbed into the precipitate as shown in Fig. 3(a) , implying an attractive interaction between the dislocation and the precipitate. Elastically, there should be a repulsive force between the dislocation and the precipitate since the elastic moduli of bcc Cu are higher than bcc Fe according to the interatomic potential in the present study.
23)
With the same potential, Harry and Bacon 15) performed molecular statics to compute the potential energy vs. distance as a screw dislocation passes through a bcc Cu precipitate and showed that the energy is a minimum when the screw dislocation bisects the bcc Cu precipitate, which is consistent with the attractive force observed in this simulation. They attributed this attractive interaction to the effect of the screw dislocation core on bcc Cu, which can facilitate its transformation into an fcc-like structure. As the dislocation moves forward, it is pinned at the precipitate center and thus starts to bow as shown in Fig. 3(b) . The dislocation pinning at the precipitate center is consistent with the energy reduction observed by Harry and Bacon. 15) As the applied shear stress increases, the dislocation moves further overcoming the pinning. Figure 3(c) shows a snapshot just before detachment of the dislocation from the precipitate. At detachment, the bowing angle is measured at 150 degrees, and the CRSS is 475 MPa. Finally, the dislocation completely passes through the precipitate and continues to glide away [ Fig. 3(d) ]. The sheared precipitate exhibits the expected surface ledges along the Burgers vector (Y direction) and maintains the original bcc structure coherent with the matrix. The same detachment mechanism is also observed for precipitates of 1 to 3.5 nm diameter, with a CRSS ranging from 375 to 475 MPa. The variation of the critical bowing angle with precipitate size for dislocation motion in the twinning direction is plotted in Fig. 4 . While the critical bowing angle is effectively constant for precipitate diameters up to 2.5 nm, it decreases rapidly above 2.5 nm indicating an abrupt increase in the CRSS. The screw dislocation detaches from a precipitate of 1 nm diameter without significant bowing, although precise determination of the detachment angle was neither determined nor plotted in Fig. 4 . Figure 5 shows MD snapshots of the interaction between a screw dislocation and a Cu precipitate of 4 nm diameter in the twinning direction. The dislocation completely overcomes the precipitate at 162 ps with a CRSS of 600 MPa as shown in Fig. 5(b) . At first glance, it appears that the dislocation overcomes the precipitate by the anticipated shear mechanism, similar to smaller precipitates. However, the atoms inside the precipitate indicate a rather complicated picture as shown in Fig. 6 . As the dislocation contacts the precipitate, a significant fraction of Cu atoms in the precipitate interior transform into the hcp structure (green spheres). This is consistent with the screw dislocation assisted martensitic transformation reported in our previous study, 16) although previously observed in the anti-twinning direction. The transformed atoms are surrounded by interfacial atoms, which belong to neither hcp nor bcc structures (pink spheres). Since the coherency loss due to this transformation in the precipitate prevents the dislocation from penetrating the precipitate, the dislocation starts to loop around the precipitate instead [ Fig. 6(a) ]. However, it is observed that portions of the looping segments annihilate by absorption into the interfacial atoms in the precipitate [Figs. 6(b) and (c) ]. The broken dislocation lines separately glide along the interface and finally connect with each other at the point of detachment from the precipitate [ Fig. 5(b) ]. This mechanism of dislocation annihilation and renucleation at incoherent interfaces was previously reported in an MD simulation of the interaction between an edge dislocation and a He bubble in Al. 27) After the dislocation detachment, the transformation is maintained in the precipitate and the precipitate does not exhibit a sheared shape.
In the anti-twinning direction, the screw dislocation overcomes a Cu precipitate of up to 2 nm diameter with the shear mechanism at a CRSS ranging from 600 to 650 MPa, although detailed MD snapshots are not presented here. However, significant bowing of the dislocation line during the impingement in the anti-twinning direction is not observed irrespective of precipitate size up to 2 nm diameter, which is slightly different from that in the twinning direction. Figure 7 shows MD snapshots of the interaction between a screw dislocation and a Cu precipitate of 2.5 nm diameter in the anti-twinning direction. In contrast to the smaller precipitates, the dislocation velocity is greatly reduced upon interaction with the precipitate and hence starts to bow, as shown in Fig. 7(a) . As the dislocation glides further with increasing applied shear stress, a dislocation loop forms around the precipitate forms and the detachment occurs by an . Some loop segments perpendicular to the Burgers vector direction remain around the precipitate after it detaches from the precipitate, although the parallel segments penetrate the precipitate [ Fig. 7(d) ]. The transition from shear to the Orowan mechanism for the precipitate of 2.5 nm diameter is caused by the coherency loss associated with an internal martensitic transformation of the precipitate, which becomes prevalent for a Cu precipitate larger than 2.5 nm in the anti-twinning direction, as previously discussed. 16) In contrast to the behavior in the twinning direction, the looping segments do not annihilate and remain stable. For Cu precipitates of diameter between 2.5 and 4 nm, the screw dislocation detachment also occurred by the Orowan mechanism at a constant CRSS stress of 775 MPa.
The CRSS for screw dislocation detachment of a Cu precipitate in both the twinning and anti-twinning directions is plotted in Fig. 8 . The CRSS in the anti-twinning direction is much larger than in the twinning direction, as expected. 20) In the twinning direction, the CRSS increases gradually to 475 MPa with increasing precipitate size to 3.5 nm diameter. Then, the CRSS jumps to 600 MPa at 4 nm diameter. In the anti-twinning direction, the CRSS rapidly increases from 650 to 775 MPa between 2 and 2.5 nm diameters and remains constant up to 4 nm diameter. The jump in the CRSS occurs with the transition in dislocation detachment mechanism from shear to the annihilation-and-renucleation and Orowan mechanisms in the twinning and anti-twinning directions, respectively. This clearly shows that the coherency loss in a Cu precipitate caused by the martensitic transformation of bcc Cu atoms into close-packed structures significantly increases the CRSS as well as leads to a change in dislocation detachment mechanism. It should be mentioned that the CRSS values obtained in these simulations cannot be directly compared with yield strength measured in ferritic steels containing Cu precipitates. The size of the simulation cell used in these simulations is too small to be compared with experimental conditions. Thus, the elastic field of dislocations can be overlapped due to the periodic boundary conditions of the cell, which might significantly affect the CRSS. Also, the strain rate in these simulations is significantly large compared with a strain rate during conventional deformation, which is an important factor disturbing a direct comparison between MD simulations and experiments.
We previously showed that the transformation of a bcc Cu precipitate is assisted by the stress field of a screw dislocation.
16) It is interesting here that there is a difference in critical precipitate size defining the transformation (4 and 2.5 nm in the twinning and anti-twinning directions, respectively), although the stress field of a screw dislocation should not be significantly different in either directions. Our previous study 16) revealed that an applied shear stress is mainly responsible for the transformation, and that the presence of a screw dislocation stress field dramatically reduces the critical applied stress of the transformation. It was also shown that the minimum shear stress needed for the transformation was approximately 600 MPa with a screw dislocation. The CRSS for dislocation glide in the antitwinning direction is inherently larger than that in the twinning direction, and it is tempting to conclude that the larger applied shear stresses required to move the dislocation also induce precipitate transformation at smaller sizes. This explains why the transformation and eventually the transition from the shear detachment mechanism start from a smaller precipitate in the anti-twinning direction.
Conclusions
MD simulations of the interaction between a screw dislocation and a coherent bcc Cu precipitate of 1-4 nm diameter in bcc Fe have been performed to investigate the strengthening mechanisms of nanosized Cu precipitates in bcc Fe. Screw dislocation glide has been simulated on a {112} plane in both the twinning and anti-twinning directions by applying a shear stress on the plane. The screw dislocation velocity in the twinning direction is found to be 2-4 times larger than that in the anti-twinning direction. Further, the velocity in the anti-twinning direction is greatly retarded above 1250 MPa due to a transition in screw dislocation glide from the kink-pair to the cross-kink mechanism. In the twinning direction, a screw dislocation overcomes a bcc Cu precipitate of 1-3.5 nm diameter by cutting (shearing) the precipitate. For a precipitate of 4 nm diameter, the screw dislocation assisted martensitic transformation of bcc Cu atoms into the hcp structure as the screw dislocation approaches the precipitate causes coherency loss and accordingly prevents the dislocation from cutting the precipitate. Instead, the screw dislocation overcomes the precipitate through the annihilation and renucleation of the dislocation segments at the interface between the transformed and untransformed regions in the precipitate. In the anti-twinning direction, a transition from shear to Orowan occurs for precipitates larger than 2.5 nm diameter, where the transformation is prevalent. The CRSS for a screw dislocation to overcome nanosized Cu precipitates gradually increases with increasing size for the shear mechanisms, with larger values in the anti-twinning direction. A large increase of 125 MPa in the CRSS occurs at a precipitate diameter of 4 and 2.5 nm in the twinning and anti-twinning directions, respectively, where the precipitate transformation and coherency loss becomes prevalent and the dislocation detachment mechanism changes.
